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ABSTRACT
The diffuse very high−energy (VHE, > 100 GeV) γ-ray emission observed in the central 200 pc of the Milky Way by H.E.S.S. was
found to follow the dense matter distribution in the Central Molecular Zone (CMZ) up to a longitudinal distance of about 130 pc
to the Galactic Centre (GC), where the flux rapidly decreases. This was initially interpreted as the result of a burst−like injection
of energetic particles 104 years ago, but a recent more sensitive H.E.S.S. analysis revealed that the cosmic−ray (CR) density profile
drops with the distance to the centre, making data compatible with a steady cosmic PeVatron at the GC. In this paper, we extend this
analysis to obtain for the first time a detailed characterisation of the correlation with matter and to search for additional features and
individual γ-ray sources in the inner 200 pc. Taking advantage of 250 hours of H.E.S.S. data and improved analysis techniques we
perform a detailed morphology study of the diffuse VHE emission observed from the GC ridge and reconstruct its total spectrum.
To test the various contributions to the total γ-ray emission, we use an iterative 2D maximum likelihood approach that allows us to
build a phenomenological model of the emission by summing a number of different spatial components. We show that the emission
correlated with dense matter covers the full CMZ and that its flux is about half the total diffuse emission flux. We also detect some
emission at higher latitude likely produced by hadronic collisions of CRs in less dense regions of the GC interstellar medium. We
detect an additional emission component centred on the GC and extending over about 15 pc that is consistent with the existence of a
strong CR density gradient and confirms the presence of a CR accelerator at the very centre of our Galaxy. We show that the spectrum
of the full ridge diffuse emission is compatible with the one previously derived from the central regions, suggesting that a single
population of particles fills the entire CMZ. Finally, we report the discovery of a VHE γ-ray source near the GC radio arc and argue
that it is produced by the pulsar wind nebula candidate G0.13−0.11.
Key words. astroparticle physics – Galactic centre – gamma rays: general – acceleration of particles – ISM: cosmic rays – pulsar
wind nebula
1. Introduction
There is growing evidence that the Galactic Centre (GC) plays a
key role in particle acceleration in the Galaxy. The most promi-
Send offprint requests to: H.E.S.S. collaboration,
e-mail: contact.hess@hess-experiment.eu;
* Corresponding authors
† Deceased
nent evidence is the presence of the huge Fermi bubbles extend-
ing 10 kpc above and below the Galactic disk (Bland-Hawthorn
& Cohen 2003; Su et al. 2010; Ackermann et al. 2014). Even
if their physical origin is still unknown, the object or processes
powering them has to be within the central hundreds of parsecs
around the GC.
The H.E.S.S. discovery of diffuse very high−energy (VHE,
> 100 GeV) γ-ray emission in the GC region extending over 1◦
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in longitude and spatially correlating with the dense gas of the
central molecular zone (CMZ) revealed that the region (the so
called GC ridge) is pervaded by VHE cosmic rays (CRs) with
a density up to a factor 9 times larger than the value measured
locally at Earth (Aharonian et al. 2006a, (paper I)). The obser-
vation of this diffuse emission has also been reported above the
TeV by the VERITAS and MAGIC collaborations (Archer et al.
2016; Ahnen et al. 2016). As the diffuse γ-ray emission does not
follow the gas distribution beyond 1.0−1.3◦, or 140 − 180 pc at
8 kpc distance, it was first interpreted as the result of a massive
impulsive injection of CRs by a source close to the GC.
This picture has now dramatically changed with the recent
observation of a pronounced gradient in the CR density pro-
file deduced from the diffuse VHE γ-ray emission in the central
200 pc (H.E.S.S. Collaboration et al. 2016, (paper II)). This pro-
file, peaking in the inner tens of parsecs, is found to be consis-
tent with the propagation of particles injected by a steady source
located at the GC itself. Furthermore, no cutoff is found in the
γ-ray spectrum of the diffuse emission extracted from a region at
0.15−0.45◦ (20−63 pc) distance to the GC, making this source
the first Galactic PeVatron, which accelerates charged particles
to energies of at least 1 PeV (1015 eV).
In this work, we extend the analysis presented in paper II
to further the morphology and energy spectrum studies of the
VHE γ-ray emission in the central 200 pc and look for additional
components and sources. To do so, we take advantage of the
large dataset accumulated by H.E.S.S. from 2004 to 2012 and
of improved analysis methods now available (Becherini et al.
2011; Khelifi et al. 2015) to perform a 2D iterative maximum
likelihood analysis and extract the various spatial components
required to model the total emission from the GC ridge, an ap-
proach similar to the one used for the H.E.S.S. Galactic plane
survey (HGPS, H.E.S.S. Collaboration et al. 2017a). Since there
is no reliable 3D model of the gas distribution in the CMZ, we
do not model the ridge emission with a physically motivated CR
density, but resort to an empirical model made of several com-
ponents and study the residual emission to search for new indi-
vidual sources or a diffuse excess of γ-rays.
After a presentation of the dataset and the data reduction
technique employed, we detail the 2D maximum likelihood fit-
ting technique. We then present the result of the iterative proce-
dure. We describe the various components required to reproduce
the 2D morphology of the GC ridge diffuse emission and ex-
tract the total spectrum. We show that the emission fills the entire
CMZ, correlates with dense matter, extends at larger latitude and
exhibits a spectrum compatible with the one previously derived
in the very central part of the CMZ, revealing that PeV CRs pre-
vade an even wider area in the CMZ than previously published.
We also detect an extended central component around Sgr A?
and show it originates most likely from an enhancement of CRs
in the inner tens of pc around the GC confirming results obtained
in paper II. Finally, we report the detection of a new point−like
γ-ray source HESS J1746−285 in the vicinity of the GC radio
arc (Yusef-Zadeh et al. 1984). After presenting its physical char-
acteristics, we compare it to known objects in the region and
show that its position is consistent with the Pulsar Wind Nebula
(PWN) candidate G0.13−0.11 (Wang et al. 2002).
2. Analysis
2.1. H.E.S.S. observations and data analysis
The High Energy Stereoscopic System (H.E.S.S.) is an array of
imaging atmospheric Cherenkov telescopes located at 1835 m al-
titude in the Khomas highlands of Namibia. The H.E.S.S. array
is designed to detect and image the brief optical Cherenkov flash
emitted from air showers, induced by the interaction of VHE γ-
rayswith the Earth’s atmosphere. In the first phase of H.E.S.S.,
during which the data used here were recorded, the array con-
sisted of four 13 m telescopes placed on a square of 120 m side
length. γ-rayevents were recorded when at least two telescopes
in the array were triggered in coincidence (Funk et al. 2004), al-
lowing for a stereoscopic reconstruction of γ-rayevents (for fur-
ther details see Aharonian et al. 2006b).
In 2012, H.E.S.S. entered its second phase with the addition
of a fifth, large 28 m telescope at the centre of the array. The
addition of this telescope, which is able to trigger both indepen-
dently and in concert with the rest of the array, increases the
energy coverage of the array to lower energies. The work pre-
sented in the following sections does not use data recorded with
the large telescope.
The data set selected for the analysis includes observations
within 5◦ of the GC position, conducted between 2004 and
2012. Applying standard data quality selection criteria and keep-
ing only four−telescope observations we use a total livetime of
259 hours with a mean zenith angle of 22◦. The data are anal-
ysed with an advanced multivariate analysis procedure devel-
oped to improve the sensitivity to weak signals and optimised
for morphological studies of very extended sources (Becherini
et al. 2011; Khelifi et al. 2015) . This analysis provides a good
angular resolution of 0.077◦ (68% containment radius of the
point−spread function, PSF), crucial for the study shown here,
and an average energy threshold of ∼ 350 GeV. γ-ray measure-
ments by ground−based Cherenkov telescopes suffer from irre-
ducible backgrounds from air showers induced by charged CRs,
electrons, protons, and heavier nuclei, which can mimic γ-ray air
showers. Modelling and subtraction techniques are needed for
these CR backgrounds. To generate such 2D background maps
for the production of γ-ray excess images we use an adapta-
tive ring background method (suitable for crowded regions) ex-
cluding known regions of γ-ray emission from the background
ring (Berge et al. 2007; H.E.S.S. Collaboration et al. 2017a).
All the results shown here are cross-checked with an alterna-
tive H.E.S.S. calibration and analysis chain that was used for
the HGPS production (H.E.S.S. Collaboration et al. 2017a). The
instrument response functions, PSF, and γ-ray exposure are pro-
duced following the approach described in H.E.S.S. Collabora-
tion et al. (2017a). To compare the molecular matter and the γ-
ray emission in the central 200 pc of the Galaxy to each other,
a map is produced over a region that covers the full CMZ ex-
tension from 358.5◦ to 1.8◦ in longitude and ±1.5◦ in latitude. A
0.5◦×0.5◦ region centred on HESS J1745−303 (Aharonian et al.
2008) is excluded from the maps in order not to bias the fit with
unrelated emission. For the spectral analysis, the background is
estimated using the reflected region method (Berge et al. 2007),
where the background is derived from circular off−source re-
gions with the same angular size and γ-ray detection efficiency
as the on−source region. The differential VHE γ-ray spectrum is
then fitted with a spectral model by forward folding it with the
instrument response functions (Piron et al. 2001; Jouvin et al.
2015).
2.2. General morphology of the GC ridge emission
Figure 1 (top) shows the γ-ray significance map of the GC region
smoothed with the H.E.S.S. PSF. Beyond the two bright sources
HESS J1745−290 and G0.9+0.1, the fainter diffuse emission is
visible as well as the extended source HESS J1745−303. Us-
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ing the fluxes derived from the model fit (see Sect. 2.4 below),
we can produce a significance map of the ridge emission with
the point sources subtracted. Figure 1 (bottom) shows this map
with cyan contours overlaid indicating the molecular gas den-
sity distribution as traced by the line of the 1−0 transition in the
CS molecule (Tsuboi et al. 1999). The GC ridge emission is de-
tected up to ` = 1.5◦ along the Galactic plane, following the full
CMZ extension, but with a fading brightness in its tail regions
confirming the result of paper I. Additionally, some faint emis-
sion at high latitude (|b| > 0.2◦) beyond the CS emission region
is now visible. The γ-ray map also shows more details and fea-
tures about the massive molecular complexes Sgr B2, Sgr C, and
Sgr D at ` = 1.2◦ which are clearly resolved.
The longitude profile of the GC ridge diffuse emission is
shown in Fig. 2. We compare the data with the model proposed in
paper I to account for an impulsive injection of CRs based on the
CS map multiplied by a Gaussian of 0.8◦ width and centred at the
GC. This model fails to reproduce the central excess of emission
that we clearly see in the γ-ray profile. This requires the pres-
ence of a strong gradient in the CR distribution peaking around
the GC. Conversely, this measured central excess of emission is
well reproduced by a model where the Gaussian is replaced by
the integrated density profile of a steady CR source (paper II).
The position of the γ-ray data peak appears slightly shifted from
the CR model, mainly because the emission in the central 30 pc
is not correlated with the 2D CS distribution. Therefore, in the
following, we do not try to reproduce the diffuse γ-ray emission
by such a physically motivated model that would in any case be
based on the simplistic hypothesis of a homogeneous gas den-
sity along the line of sight. We would be forced to use such an
assumption because we lack a full 3D gas distribution (see dis-
cussion in section 2.3). Since this approach does not reproduce
the data well, we resort to building an empirical model made of
multiple components that individually have no immediate phys-
ical meaning but taken together do reproduce the data.
2.3. Emission model fit
To derive the various contributions to the total γ-ray emission,
we use a 2D maximum likelihood approach similar to the one
used for the construction of the HGPS catalogue (H.E.S.S. Col-
laboration et al. 2017a). A 2D model of the expected event
counts is fitted to the data assuming the events obey Poisson
statistics. The model takes into account the estimated CR back-
grounds as well as a physical γ-ray model weighted by the γ-
ray exposure and convolved with the H.E.S.S. PSF. The different
model components are:
– The estimated charged particle background event map (the
normalised OFF map, see H.E.S.S. Collaboration et al.
2017a), left constant during the fit procedure.
– A 2D model of the Galactic large scale unresolved emis-
sion (Abramowski et al. 2014), left constant during the fit
procedure. In order to estimate this contribution, we exclude
regions with significant emission from the map and fit this
Galactic component over a large box of 10◦ × 8◦, assuming
a simple emission profile with a flat distribution in Galac-
tic longitude and a Gaussian distribution in Galactic latitude,
weighted by the γ-ray exposure (see the details of the ap-
proach in H.E.S.S. Collaboration et al. 2017a).
– The point sources HESS J1745−290, coincident with
Sgr A?, and HESS J1747−281 coincident with the compos-
ite supernova remnant (SNR) G0.9+0.1. After a first fit, the
positions of these point sources are fixed but their amplitude
is left free and fitted in each step of the procedure.
– The CR induced γ-ray emission in the GC ridge. This com-
ponent is assumed to be the product of a gas map and a 2D
symmetrical Gaussian following the procedure used in pa-
per I and refered as Dense Gas Component (DGC) thereafter.
The normalisation and Gaussian extension of this component
are fitted.
– Other ad-hoc Gaussian components are added to the model,
depending on the residual map, at each step of the process.
The choice of the gas tracer to model the main GC ridge dif-
fuse emission component might affect the fit result. The main
constituent of the interstellar gas in the central 200 pc is the
molecular matter distributed into a set of very dense clouds,
whereas no more than 10 percent is present in the form of atomic
gas (Ferrière et al. 2007). A full 3D model of the CMZ molecu-
lar clouds would be well suited to determine the exact distribu-
tion of γ-ray emission over the ridge, but so far no satisfactory
model is available. Indeed, our poor knowledge of the true gas
kinematics near the GC renders the methods based on kinetics
convertions between velocties and distance unreliable. Several
2D matter templates derived from millimeter molecular tracers
of the interstellar gas distribution in the CMZ are available. The
lines of HCN(1−0) and CS(1−0) are optically thin tracers of
dense gas and are bright enough to be detected over most of the
CMZ, whereas other molecules are detected only in the densest
cores (Jones et al. 2012). Here, we use the CS (1−0) line emis-
sion (Tsuboi et al. 1999). To test the impact of the actual gas
tracer used, we tested the HCN (1−0) transition from Jones et al.
(2012) and obtained consistent results confirming that CS is a ro-
bust tracer. We will therefore only show results obtained with CS
in the following. We note that all these surveys are only sensitive
to dense gas (n > 104 cm−3). We therefore expect our main ridge
component based on CS to miss regions of more diffuse gas. Fur-
thermore, most tracers suffer from self−absorption in extremely
dense regions like the core of Sgr B2. The model must be poor in
this specific region. The recent high-angular resolution column
density map of the central part of the CMZ derived from thermal
images of cold dust (Molinari et al. 2011) does not suffer from
this problem but its sensitivity to the high ionization rate in the
core of Sgr B2 can also affect the derived density.
The iterative fitting process is performed using the Sherpa
software package (CIAO v4.5, Refsdal et al. 2009). The model
parameter values and associated confidence intervals are given
for the best fit model in Table 1, and each step is detailed in
Table A.1 in the appendix. The model is tested against H.E.S.S.
data during the fitting procedure and two criteria are guiding
the search for the best model: a good statistical fit and the
distribution of residuals. The significance of different compo-
nents is measured by the likelihood ratio test statistic (TS),
TS = 2log(Ln+1/Ln), comparing the likelihood between model n
and model n+ 1. At each step, a significance map of the residual
and a TS map is created, allowing to search for features that
should be included in the model. This comparison of TS values
remains an important tool for selecting models that provide
gradual improvements when fitting the data. In the limit of a
large number of counts per bin the TS for the null hypothesis
is asymptotically distributed as a χ2/d.o. f ., where d.o. f ., the
degrees of freedom, is the number of free parameters describing
the different model components. The detection threshold is set
to TS > 30 following the prescription used for the HGPS (see
Sect. 4.8 of H.E.S.S. Collaboration et al. 2017a).
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Fig. 1. VHE γ-ray images of the GC region in Galactic coordinates and smoothed with the H.E.S.S. PSF. Top: γ-ray significance map. Bottom:
residual significance map after subtraction of the two point sources G0.9+0.1 and HESS J1745−290. The cyan contours indicate the density
of molecular gas as traced by the CS brightness temperature integrated over the Local Standard of Rest (LSR) velocity from −200 to 200 km
s−1 (Tsuboi et al. 1999) and smoothed with the H.E.S.S. PSF (0.077◦). The outer contour level is 36 K km s−1, about six times the noise level (Tsuboi
et al. 1999). The position of the new H.E.S.S. source HESS J1746−285, coincident with the GC radio arc (Yusef-Zadeh et al. 1984), is marked
with a black cross.
In order to quantify the fit quality, we use the Sherpa imple-
mentation of the Cash statistic (Cash 1979), CSTAT1, divided
by the number of degrees of freedom, which is of the order of 1
for good fits. Since this criterion may only be used if the num-
ber of counts in each bin is high, we rebin the maps to ensure
this condition is fulfilled. We also check that the statistical sig-
nificances of the residuals at each position are consistent with
those expected from a large number of Monte Carlo simulations
assuming the final model.
2.4. Results of the emission model
In this section we present our main results from the template-
based likelihood fit analysis. The individual components that
contribute to the final model are added step by step as illustrated
in Fig. 3. The final fit result is summarized in Table 1, and the re-
sults of the individual components are detailed in Table A.1. The
1http://cxc.harvard.edu/sherpa4.4/statistics/#cstat
contribution of the model components to the total γ-ray emission
is shown in the form of longitude and latitude profiles in Fig. 4.
The dominant dense gas component (DGC) is modelled by
the dense matter template multiplied by a Gaussian centred on
|`| = 0◦, |b| = 0◦ with extension σ. The latter is not physically
motivated but required by the data. It provides the characteristic
scale of the extension of CRs in the GC ridge region. With a fitted
value of σ = 1.1◦ the extension is found to be slightly larger
than previously estimated in paper I, where σ = 0.8◦ was found
to yield the best fit to the data. The DGC represents a large flux
fraction of ∼ 50% of the total GC ridge emission, confirming that
the latter is dominantly from CRs interacting with dense matter.
An additional large scale component (LSC), modelled as a
2D Gaussian with position fixed on SgrA? and normalisation
and extension (σX, σY) fitted as free parameters, is required to
reproduce the γ-ray emission especially at large latitudes. This
component extends ±30 pc in latitude and ±150 pc in longitude,
and represents a non−negligible flux fraction of 30% of the to-
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Table 1. Parameters describing the components for the final model. The background normalisation and the Galactic large scale emission are
unchanged by the fit and determined beforehand as explained in the main text. The two sources G0.9+0.1 and HESS J1745−290 are modelled as
point sources. The three components modelling the GC ridge emission are the dense gas component (DGC), the large scale component (LSC),
and the additional central component (CC). The parameter values and associated statistical errors at 68% confidence−level are indicated, as well
as a systematic uncertainty obtained by combining a 30% flux normalisation uncertainty (H.E.S.S. Collaboration et al. 2017a) and a background
uncertainty (obtained after performing the iterative fitting procedure including a variation of the background component level by ± 2%).
Model Position Extension Flux
component (Galactic Coordinates) (degrees) (10−12cm−2s−1TeV−1)
` = 0.86◦G0.9+0.1
b = 0.069◦
– 0.88 ± 0.04stat ± 0.25sys
` = 359.94◦HESS J1745−290
b = −0.05◦ – 2.9 ± 0.4stat ± 0.8sys
Dense Gas (DGC) ` = 0◦, b = 0◦ σ = 1.11◦ ± 0.17◦stat ± 0.17◦sys 4.3 ± 0.9stat ± 1.5sys
Central (CC) ` = 0◦, b = 0◦ σ = 0.11◦ ± 0.01◦stat ± 0.02◦sys 1.03 ± 0.05stat ± 0.25sys
σx = 0.97◦+0.04
◦
−0.02◦ stat ± 0.13◦sysLarge Scale (LSC) ` = 0◦, b = 0◦
σy = 0.22◦ ± 0.06◦stat ± 0.07◦sys
2.68 ± 0.6stat ± 1.3sys
` = 0.14◦ ± 0.01◦stat ± 0.01◦sys σx = 0.03◦ ± 0.03◦stat ± 0.03◦sysHESS J1746−285
b = −0.11◦ ± 0.02◦stat ± 0.02◦sys σy = 0.02◦ ± 0.02◦stat ± 0.03◦sys
0.24 ± 0.03stat ± 0.07sys
Fig. 2. Longitude profile of the VHE γ-ray GC ridge emission in units of
excess counts/arcmin2. The CR background and the two point sources
HESS J1745−290 and G0.9+0.1 have been subtracted from the counts
map. The profile has been integrated over −0.3◦ < b < +0.3◦. The green
line shows the model based on the VHE emission profile used in paper I,
which includes a central 0.8◦ width Gaussian multiplied by the CS map.
It does not account for the clear excess at the GC position. As shown in
paper II the latter is rather well reproduced by a profile obtained with a
1/r CR density integrated over a homogeneous gas density in the line of
sight and multiplied by the integrated CS map (blue line).
tal GC ridge emission. Its possible origin will be discussed in
section 3.
An additional extended γ-ray emission excess is also de-
tected in the very central 30 pc region, as illustrated by the resid-
uals in Fig. 3. This central component (CC), modelled by a 2D
symmetric Gaussian centred on SgrA?, is detected at 8.7σ sig-
nificance level. It has an intrinsic extension of 0.1◦ and its flux
represents ∼ 15% of that of the ridge. Representing a fraction
of ∼ 30% of the GC source HESS J1745−290 and an intrin-
sic extension of almost twice the H.E.S.S. PSF, we can rule out
the conclusion that this component arises from a contamination
from the central point source due to systematic uncertainties of
the PSF (see H.E.S.S. Collaboration et al. 2017a). As we will
discuss in the next section, this additional component is in good
agreement with the physical interpretation developed in paper II.
After the subtraction of the central component, a significant
but localized excess is still visible in the residuals (see fourth
row of Fig. 3). Adding a Gaussian component at this position re-
sults in an increase of ∆TS=48 or a significance of about 5.9σ.
Changing the dense gas tracer as a model basis in the CMZ does
not strongly change this significance, confirming the detection
of a new source in this region. Called HESS J1746−285, this
new source is located at Galactic position ` = 0.14◦ ± 0.01◦, b =
−0.11◦±0.02◦ and has no significant extension within uncertain-
ties. For further discussions of this new γ-ray source see Sect. 4
below. After this final step in the fitting procedure, no further
component is found to be significant in the residuals and the it-
eration is stopped.
The major source of systematic uncertainties of our mea-
surement is the imperfect estimate of the charged CR induced
background of the H.E.S.S. image. In order to study how ro-
bust the inferred model components and parameter values are
against systematic variations of this background, we artificially
change the background normalisation by ±2%, the typical sys-
tematic background uncertainty (Berge et al. 2007), and reap-
ply the full iterative procedure to rederive the model compo-
nents. This allows the estimation of typical systematic intervals
for each parameter and the testing of the robustness of a com-
ponent detection. The LSC is the one most sensitive to back-
ground uncertainties with a resulting variation of ±50% in am-
plitude, around ±15% in longitude and ±25% in latitude exten-
sions. The uncertainty on the DGC component amplitude is also
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Fig. 3. The successiv stages of the iterative fitting process are shown here. The model count map of each individual component (correlated with
the H.E.S.S. PSF) added in each step of the analysis is shown in the left−hand column (in units of counts per pixel), the corresponding residual
significance map (in units of significance level) in the right−hand column, both in Galactic coordinates. From top to bottom we show: background
+ G0.9+0.1 + HESS J1745−290 + Galactic large scale unresolved, the dense gas component (DGC) , the central component (CC), the large scale
component (LSC) and the new source HESS J1746−285. The residual Li & Ma significance maps are computed using the data counts map as
signal and the model map (correlated with the H.E.S.S. PSF) as background.
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Fig. 4. New longitude (left) and latitude (right) profiles of the VHE γ-ray GC ridge emission in unit of excess counts/arcmin2. The normalised
background map and the two point sources HESS J1745−290 and G0.9+0.1 have been subtracted from the γ-ray counts map using the fitted model
parameters. The longitude profile has been integrated over −0.3◦ < b < +0.3◦ and the latitude profile over 359.5◦ < l < +0.5◦. Coloured lines
show how the different components of the model reproduce the data. In particular, it can be seen that the large scale component (LSC) accounts for
the high latitude residual emission, and the central component (CC) accounts for the central residual excess. The Galactic Large Scale emission
(Abramowski et al. 2014) does not contribute signficantly in this region.
large, ±30%. The associated spatial extension is relatively stable
(within 10%). The other more localized components remain sta-
ble. The systematic errors given in Table 1 also include a global
flux normalisation uncertainty of about 30% added in quadra-
ture.
3. GC Ridge Diffuse Emission
3.1. Morphology
The results given above confirm that most of the diffuse GC
ridge γ-ray emission is distributed like the dense gas in this
region. About 50% of the emission is found to closely follow
the CS template up to a projected longitudinal distance of ∼
1.0◦ or 140 pc from the GC. The dip in γ-ray emission beyond
100−150 pc is likely from a combination of decreasing CR den-
sity with distance to the GC and a more diffuse matter distri-
bution along the line−of−sight. This notion is supported by the
face−on view of the CMZ provided by Sawada et al. (2004),
which shows that the region around 1.3◦ is much more spread
out along the line−of−sight than the central part of the CMZ.
We find that an additional large-scale emission, LSC above,
is required to reproduce the observed morphology. Even if part
of this diffuse emission is sensitive to systematic uncertainties
of charged CR backgrounds, its detection is clearly significant
beyond statistical and systematic uncertainties. This component
does not correlate with dense gas tracers; in particular its latitude
extension is larger. The reason is that CS does not fully trace
both the densest CMZ structures and the more diffuse gas. It has
in fact been estimated that about 30% of the molecular gas in the
region is found in a diffuse H2 phase of density ∼ 100 cm−3 (Dah-
men et al. 1998). This is in good agreement with the relative
contribution of the LSC to the total GC ridge emission. A nat-
ural explanation for it is therefore that most of the large scale
component flux is from CRs pervading the central 200 pc and
interacting with this diffuse phase of molecular hydrogen. The
atomic gas could also be invoked as it has been established as
an important ISM component for some TeV sources. However it
represents no more than 10 percent of the gas in the CMZ (Fer-
rière et al. 2007), which is not enough to explain all of the LSC.
Further studies could however be carried out using recent high
resolution HI images (McClure-Griffiths et al. 2012).
We note that IC emission from VHE electrons in the region
cannot be formally excluded, but requires a broad distribution of
sources in the inner 200 pc. The radiative losses are large enough
to prevent propagation on such scales. The spectral shape of this
component should then be significantly different from the dense
gas one. Unresolved sources could also contribute to the emis-
sion. Finally, some contribution from the densest structures in
the CMZ is also likely, as suggested by the presence of a hotspot
at the position of the core of Sgr B2, which is however not signif-
icant enough to be detected as an individual source component.
Finally, the most interesting feature we find is the central
component, CC, which is centred on the GC and has a radius of
about 15 pc. It further proves the presence of a gradient of CRs
peaking around the GC as shown in paper II.
To quantify this, we estimate the ratio of the energy den-
sity of cosmic rays, wCR (in eV cm−3), confined in the central
30 pc, to the average density in the whole CMZ, considering the
extensions and luminosities of the CC and DGC components, re-
spectively. We assume that the gas density nH is uniform in the
region. The volume VCMZ containing 50% of the GC ridge flux
is a cylinder of 170 pc radius and 30 pc thickness. The average
CR density in this region is wCMZ ∝ LCMZ/VCMZ where LCMZ is
total VHE luminosity. Similarly, the 50% flux equivalent volume
of the central component is a sphere of 23 pc radius. Therefore
the ratio of CR density in the central 20 pc over the density in
the whole CMZ is ∝ LCC/LCMZ × VCMZ/VCC ∼ 10. If we esti-
mate this ratio for CRs following a 1/r profile, as expected for a
steady source (paper II), we indeed confirm that the energy den-
sities between the central region and the entire CMZ differ by a
factor on the order of 10. This shows that the empirical model
used to reproduce the GC ridge morphology is fully compatible
with the stationary source hypothesis: a large fraction, if not all,
of the CRs pervading the CMZ are accelerated at the GC or its
direct vicinity.
Unresolved sources might also contribute to this central ex-
cess, in particular SNRs, given the high supernova rate in the
CMZ. On the other hand, the soft thermal X−ray emission that
traces SNRs in the CMZ is much more extended (up to 0.2◦−0.3◦
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Fig. 5. VHE γ-ray flux per unit solid angle in the Galactic Centre region
(black data points). Shown is the spectrum of the GC ridge region, |`| <
1◦, |b| < 0.3◦. All error bars show the 1σ standard deviation and are
corrected to account for some background double counting due to the
stacking procedure. The spectrum is fitted over an energy range up to
45 TeV. It can be described by a power law with a photon index of
2.28 ± 0.03stat ± 0.2syst and a differential flux at 1 TeV of 1.2 ± 0.04stat ±
0.2syst × 10−8TeV−1cm−2s−1sr−1. For comparison, the blue line is the γ-
ray spectrum resulting from a power−law proton spectrum with a cutoff
at 1 PeV.
around the GC, Ponti et al. 2015) and it fails to reproduce the
morphology of the VHE γ-ray emission measured with H.E.S.S.
Similarly, the electrons injected by the population of PWNe de-
tected with Chandra in the inner 30 pc (Muno et al. 2008; John-
son et al. 2009) could potentially provide a large γ-ray lumi-
nosity. But given the large infrared (IR) and optical photon field
energy densities in the GC region, the measured energy spec-
tra should show pronounced Klein−Nishina suppression effects
in the TeV γ-ray range, which is inconsistent with the hard spec-
trum without any cut−off reported in paper II in the central 0.45◦.
The PWNe scenario is therefore highly disfavoured. The central
component is very likely due to a peak of the CR density caused
by an accelerator at or very near to the GC. The overall diffuse
γ-ray emission measured from the central 200 pc of the Milky
Way is consistent with CRs injected by this central accelerator,
diffusing away and interacting along the GC ridge.
3.2. Total Spectrum
The total GC ridge spectrum is evaluated over the large area
|`|< 1◦, |b|< 0.3◦ by dividing it into smaller regions, perform-
ing the spectral analysis in each region, and summing up the
energy spectra to perform a global fit over all regions together.
11 rectangular regions of similar area (2.7 × 10−5sr) are defined
over the GC ridge. They cover most of the diffuse emission and
are chosen to have a surface brightness as similar as possible.
Two regions of 0.2◦ radius around G0.9+0.1 and Sgr A? are
excluded from the analysis ensuring negligible contamination
(< 2%) from the bright point sources. A region of 0.1◦ around
the new source HESS J1746−285 is also excluded from the anal-
ysis.
Under the hypothesis that the spectral characteristics do not
vary across the ridge, all individual regions have been analysed
independently, stacked up, and fitted to obtain the average energy
spectrum shown in Fig. 5. This method ensures a small disper-
sion of observation conditions and instrument response functions
per region when building the individual spectra. It also permits
choosing a sufficient number of background regions, following
the reflected region method (Berge et al. 2007), for each indi-
vidual rectangular region, which for one single very large re-
gion (i.e. the whole GC ridge) for spectral analysis would not
be possible. Following this procedure, some of the background
regions overlap with each other leading to double counting of
background events; the resulting statistical uncertainties are thus
too small by 25% and the uncertainties of the resulting total spec-
trum shown in Fig. 5 are corrected for this.
The derived spectrum of the entire GC ridge can be described
by a power law with a hard photon index of 2.28±0.03stat±0.2syst.
This result is compatible with the previous spectrum obtained
in paper I considering the larger analysis region used here. The
spectrum is fitted in an energy range that extends up to 45 TeV,
a maximum energy beyond which our systematic uncertainty for
such a faint signal does not allow to constrain the spectral shape
robustly. No significant spectral cut−off is found. We compare
the γ-ray spectrum with a simple power law model of the parent
proton population with high energy cutoff at 1 PeV in Fig. 5. As
seen in this figure, the flux points are in good agreement with a
proton cutoff energy at or above 1 PeV, as well as with the flux
points from the inner 0.45◦ (or 63 pc) obtained in paper II.
The total ridge γ-ray flux in the box |`| < 1◦, |b| < 0.3◦ is
estimated to Φ(> 1 TeV) = 1.5 × 10−11 TeV cm−2 s−1, which
corresponds to a total γ-ray luminosity of Lγ(> 1 TeV) = 2 ×
1035 erg s−1 at the GC distance. This is slightly smaller than
the value derived from the 2D analysis but considered consistent
with it in view of the limited extension considered here. Since
the γ-ray emission is entirely due to the decay of neutral pions
produced by proton−proton interactions, we can express the total
energy of CR protons as WCR = Lγ × tpp, with Lγ the γ-ray
luminosity and tpp = 1.6× 108 yr (nH/1cm−3)−1, where nH is the
gas density. This implies a total CR energy of Wpp(> 10 TeV) ∼
1 × 1049 erg confined in the CMZ for a typical value of nH ∼
100 cm−3.
4. A new VHE source in the vicinity of the GC radio
arc: HESS J1746−285
4.1. Position and spectrum
HESS J1746−285 is detected at Galactic position ` = 0.14◦ ±
0.01◦, b = −0.11◦±0.02◦. It is important to note that the system-
atic uncertainties on the knowledge of the exact morphologies
used for the various components to model the GC ridge diffuse
emission can be large. To estimate these, we evaluate the impact
of using HCN rather than CS as tracer for dense gas and also the
impact of changing the normalisation of the CR background. We
find the systematic error on the source position to be 0.02◦. No
significant extension is found and we place an upper limit on the
extension at 0.05◦.
Because of the relatively large intensity of the GC ridge
emission, extracting the intrinsic spectrum of HESS J1746−285
requires special care. The spectrum of the diffuse emission in the
source extraction region must be estimated and included in the
modelling of the total observed spectrum.
The spectral extraction is therefore performed in two circular
regions with radii of 0.09◦. One is centred on the best-fit position
of HESS J1746−285 and the other on the symmetric position
with respect to the GC. The diffuse emission spectral contribu-
tion can then be evaluated on the second region and included in
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Fig. 6. The VHE γ-ray spectrum of the region centred on the po-
sition of HESS J1746−285, fitted with the sum of two power laws.
The GC ridge contribution is fixed and the intrinsic source spectrum
of HESS J1746−285 is fitted to the data. In red, we show the fixed
ridge power law contribution to the total spectrum. The intrinsic spec-
trum of HESS J1746−285 was estimated to have a flux normalisation of
F(1TeV) = (1.8±0.5)×10−13cm−2s−1TeV−1 and an index of 2.2±0.2 for
the energy range above 0.350 TeV. The errors include the uncertainty of
the GC ridge emission, which are obtained by varying the ridge compo-
nent parameters by their statistical errors.
the modelling of the observed counts of the source region af-
ter renormalising the flux according to the ridge emission mor-
phology obtained with the 2D analysis. The implicit assumption
made here is that its spectral shape does not vary significantly
over the central 50 pc.
After applying the flux correction factor, found to be ∼
0.9, the parameters are fixed and used to model to spec-
trum of the source region, which consists of the charged CR
background, the ridge emission and the intrinsic spectrum of
HESS J1746−285 described by a power law. The intrinsic spec-
trum of HESS J1746−285 has a flux normalisation of F(1 TeV) =
(1.8 ± 0.5) × 10−13cm−2s−1TeV−1 and an index of 2.2 ± 0.2 for
the energy range above 0.350 TeV (see Fig. 6). The errors in-
clude the uncertainty of the ridge emission, which are obtained
by varying the ridge component parameters by their statistical er-
rors. This gives a luminosity in the range 0.35−10 TeV of about
7 × 1033erg s−1 at 8 kpc distance.
Both MAGIC and VERITAS collaborations have
recently found significant excesses in the vicinity of
HESS J1746−285 (Archer et al. 2016; Ahnen et al. 2016),
but their studies are based on much lower observation times
and do not take into account the contribution of underlying
diffuse emission. The existence of an excess of diffuse emission
around this position is clearly visible from the early images of
the GC ridge emission in paper I and is due to the presence
of the massive molecular complex Sgr A. The existence of
a faint source (below the percent Crab flux) on top of this
diffuse emission requires a detailed modeling of the latter as
described above. We therefore consider VER J1746−289 and
MAGIC J1746−285 to be a mix of the ridge emission, which
is very intense around the Sgr A molecular complex and of
HESS J1746−285 emission.
4.2. Nature of the source
HESS J1746−285 is positionally coincident with the confused
Fermi-LAT source 3FGL J1746.3−2851c at ` = 0.149◦, b =
−0.103◦ (Acero et al. 2015). The spectrum of the latter is found
to be significantly curved with a log−parabola shape with index
2.42 ± 0.07 and β = 0.34 ± 0.06. It is also present in the 1FHL
catalogue as 1FHL J1746.3−2851 (Ackermann et al. 2013), with
a large flux above 1 GeV of 6.6 × 10−9 ph cm−2 s−1 and a very
soft index of 3.2 ± 0.3. It is not listed in the catalogue of sources
above 50 GeV (Ackermann et al. 2016).
HESS J1746−285 lies on the edge of the so−called GC ra-
dio arc (Yusef-Zadeh et al. 1984) at the centre of the radio arc
bubble, a large (9 pc diameter) open circular structure visible in
mid IR images (Levine et al. 1999; Rodríguez-Fernández et al.
2001), as shown in the left panel of Fig. 7. This bubble is ap-
parently connected to the Quintuplet cluster, which is one of the
three young massive stellar clusters in the GC region. Its esti-
mated age is ∼ 4 Myr and its luminosity is 1.2×1041 erg/s (Figer
et al. 1999). It is the dominant source of optical/UV radiation
in the region, responsible for most of the ionization in the bub-
ble (Simpson et al. 2007). The radio arc bubble is filled with soft
thermal X−rays, likely produced by supernova explosions and
massive stellar winds from the Quintuplet cluster (Ponti et al.
2015).
Figure 7 (right panel) shows the confidence−level contours
on the best fit position of HESS J1746−285 superimposed on
a 2−10 keV exposure−corrected Chandra image. The source
is coincident with an X−ray non−thermal filamentary structure
called G0.13−0.11, which has been proposed to be a PWN can-
didate (Wang et al. 2002). The luminosity derived from Chan-
dra observations for G0.13−0.11 in the 2−10 keV range is L =
3× 1033erg/s, with a spectral photon index between 1.4 and 2.5.
Wang et al. (2002) estimated the spin−down power of the puta-
tive pulsar, E˙, to be on the order of 1035 erg/s. Given the good
positional coincidence and point−like nature of the VHE γ-ray
source, we consider G0.13−0.11 to be the most likely origin of
HESS J1746−285. We explore this scenario further below.
The X−ray PWN is a filament of 2”×40”. The cooling
time of electrons along the filament imposes an upper limit
on the magnetic field of 300 µG. The thickness of the fil-
ament also constrains the magnetic field to be larger than
20 µG (E˙/1035erg/s)1/2 (Wang et al. 2002). No significant cool-
ing is visible along the filament (Johnson et al. 2009).
We can estimate the optical radiation field energy density
produced by the nearby Quintuplet cluster at the position of the
PWN candidate assuming it lies at the projected distance (9 pc at
8 kpc) to be 250 eV/cm3. Given the abundance of early type stars
in the cluster, the effective temperature of the radiation field is ∼
35000 K (Rodríguez-Fernández et al. 2001; Contini 2009).
The infrared energy density is likely dominated by the emis-
sion from G0.18−0.04, the so−called “sickle”. Its luminosity is
∼ 3.5 ×1040 erg/s with a temperature TFIR (FIR: far infrared) of
about 50 K (Pohl 1997). At the projected distance of the PWN
candidate this implies an energy density of 50 eV/cm3. This is
to be considered a lower limit of the actual density at the PWN
position since the rest of the bubble should contribute as well
to the FIR emission. In the following, we consider an FIR ra-
diation density of 100 eV/cm3, consistent with values estimated
for the CMZ at large (Crocker 2012). With such large radiation
densities, the evolution of the nebula is likely driven by inverse
Compton losses which can explain the hard X−ray spectrum ob-
served by Chandra (Hinton & Aharonian 2007).
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Fig. 7. Left: Three colour MSX (Price et al. 2001) IR image of the radio arc bubble (band C, D and E). Red contours overlaid show the
confidence−level contours at 68%, 95%, and 99% on the best fit position of the new detected source HESS J1746−285 derived from the TS
map of the fitted position, white contours show the radio arc emission at 90 cm. The Quintuplet cluster is the bright source on the top left
part of the bubble. Right: Chandra 2−10 keV mosaic image of the field surrounding G0.13−0.11 using all available public data. The image is
exposure−corrected and smoothed with a Gaussian with a width of σ = 2.5” to highlight the filamentary emission. Green contours show the HCN
emission of the molecular cloud G0.11−0.11 integrated in the range 10−30 km/s (following Tsuboi et al. 2011).
We compute the spectrum radiated by electrons injected by
the putative pulsar as a function of time taking into account pul-
sar braking (see e.g. H.E.S.S. Collaboration et al. 2017b) and en-
ergy dependent losses (Hinton & Aharonian 2007). We use the
GAMERA package to compute the time evolution of the elec-
tron population (Hahn 2015). The spectrum at injection is cho-
sen to be an E−2 power law extending up to 100 TeV and the
injected power is assumed to be equal to the pulsar spin−down
power at any time. The magnetic field in the nebula is assumed
to be constant and we use the two radiation fields discussed
above as well as the cosmic microwave background. We first
consider the case of a steady injection, and find that a spin−down
power of E˙ = 2 × 1035 erg/s and an ambient magnetic field of
B = 45 µG reproduce the X−ray and VHE data (see Fig. 8). If
the pulsar has experienced significant spin down, we might ex-
pect a strong flux below 100 GeV because of the accumulation of
cooled electrons, which might explain at least part of the flux of
the Fermi-LAT source. Assuming dipolar evolution of the pulsar
E˙ (H.E.S.S. Collaboration et al. 2017b), we find that a large ini-
tial spin−down power of E˙0 = 7 × 1038 erg/s with a spin−down
time of τ0 = 500 years and a pulsar age of 30 kyr can account
for the slope above 10 GeV while preserving an E˙ ∼ 1035 erg/s
required to explain the X−ray and VHE γ-ray luminosities (see
Fig. 8). Accounting for most of the GeV flux is more complex
and requires extremely high E˙0.
We note that there are probably several other possible ori-
gins for 3FGL J1746.3−2851c, for example GC ridge emission,
emission from the radio arc, or pulsed GeV emission from the
putative pulsar. The latter explanation would require a γ-ray ef-
ficiency of the pulsar close to 100%, if its current E˙ is of the or-
der of a few 1035 erg/s. This is possible if the actual spin−down
power is larger and the fraction of power transferred to the rela-
tivistic wind is not very large. Finally, we note that Heard & War-
wick (2013) have found an enhancement of soft thermal X−rays
around G0.13−0.11 that they attribute to the remnant of the pro-
genitor supernova. This SNR could also contribute to the γ-ray
Fig. 8. Spectral energy distribution of the PWN G0.13−0.11. The but-
terflies show the spectral confidence regions of G0.13−0.11 measured
with Chandra (Wang et al. 2002), of 1FHL J1746.3−2851 (Ackermann
et al. 2013) and of HESS J1746−285. The upper limit is obtained from
the 90 cm map of LaRosa et al. (2000). The lines show two models of
PWN emission for G0.13−0.11, assuming an inverse Compton domi-
nated evolution of the particles (see Sect. 4.2 for details). The X−ray
and VHE γ-ray spectra are well accounted for by an electron popula-
tion injected at a few 1035 erg/s (steady state model, blue). Part of the
flux observed above 10 GeV could be explained assuming a significant
decay of the pulsar spin down power (relic model, red).
flux. The point−like nature of HESS J1746−285 is difficult to
reconcile with that scenario though.
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5. Conclusions
The complete H.E.S.S. I dataset of the GC region provides a very
detailed view of the VHE γ-ray emission in the central 200 pc
of the Galaxy. After subtraction of the two main point sources,
HESS J1745−290 and G0.9+0.1, the GC ridge emission ap-
pears very clearly distributed like dense gas as traced by the CS
molecule over a projected distance of 140 pc and fades beyond
that. Emission from the main molecular complexes Sgr A, B and
C is clearly visible as well as fainter emission from the Sgr D re-
gion. Moreover, the longitude profile now clearly exhibits a peak
at the GC position not visible in the gas distribution. The γ-ray
emission is a clear sign of a source of CRs at or near the GC.
We have built an empirical model of the GC ridge diffuse
VHE γ-ray emission morphology based on an iterative 2D maxi-
mum likelihood method. Starting from a minimal model consist-
ing of the two main point sources and a diffuse component con-
structed from a map of dense gas (traced by the CS molecule)
and multiplied by a Gaussian to account for the lower bright-
ness beyond longitudes of 1◦, we added Gaussian components
until further components were not found to yield a significant
improvement of the model fit to the data.
Beyond the main diffuse component, which represents 50%
of the total flux, we find that a large scale emission extending to
high latitudes and that does not correlate with dense gas tracers
is required to reproduce the observed morphology. This compo-
nent, which accounts for about 30% of the total flux, is likely the
result of CR interactions with gas in a diffuse phase that dense
molecular clouds tracers are not able to map. Additional con-
tributions from unresolved sources as well as IC emission from
VHE electrons in the region can not be excluded. An additional
component is found for the central 30 pc. Its flux is 15% of the
total ridge emission.
These three components provide a good model of the dif-
fuse emission in the central 200 pc and are consistent with the
radial 1/r gradient of CRs in the CMZ, possibly accelerated at
the supermassive black hole itself, as concluded in paper II. The
spectrum extracted in the whole region is well fitted by a power
law of photon index 2.3, with no significant evidence of a cutoff.
This γ-ray spectrum proves the presence of a PeV−scale proton
population not only in the central 40 pc, but over the entire CMZ
including its external more diffuse phase.
Finally, we detect the new pointlike source HESS J1746−285
spatially coincident with the Fermi-LAT arc source
3FGL J1746.3−2851c and the X−ray PWN candidate
G0.13−0.11 at the centre of the radio arc IR bubble, a
feature possibly linked to the young and massive Quintuplet
cluster. The intrinsic spectral index of HESS J1746−285 is
found to be ∼ 2.2 and its luminosity is 7 × 1033 erg/s at the
GC distance, twice larger than that of the X−ray nebula. This
supports a physical association with the PWN. We have shown
that, taking into account the radiation energy densities in the
vicinity of the Quintuplet cluster, the X−ray and VHE γ-ray
spectra can be well reproduced by a steady injection of electrons
by a pulsar with a spin down power of a few times 1035 erg/s.
It is difficult to explain the GeV emission in this scenario. The
Fermi-LAT source might be connected to another possibly
related phenomenon, e.g. the pulsar itself or the underlying
SNR. Chandra has resolved more than a dozen such PWN
candidates in the GC. Albeit fainter than G0.13−0.11 they
might have detectable emission in the VHE domain and may be
resolved in the future.
The approach presented here does not allow to separate the
spectra of the various components extracted in the morphologi-
cal analysis, which is a limitation to understand their origin. Due
to its enhanced sensitivity and superior angular resolution, the
Cherenkov Telescope Array (CTA, Acharya et al. 2013) will be
crucial to understand the properties of the ridge diffuse emis-
sion, as it will resolve the substructures in much more detail and
will be able to perform combined spectral and morphological
analysis in a 3D fit, in order to characterise CR acceleration and
propagation in the GC region.
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